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Abstract: A density functional calculation was performed to investigate the impact of hydrogen and water molecules on zinc oxide 
clusters (ZnO)n=3–6 ··· X, where X=H2 and H2O. The calculated binding energies were corrected for the basis set superposition error 
(BSSE). The structural parameters and chemical hardness were calculated for the complexes of zinc oxide clusters and guest 
molecules. The strength values of the interaction between the clusters and the guest molecules were analyzed based on the 
topological properties of atoms in molecules (AIM) theory of Bader. The stereo electronic interactions inside the ZnO clusters were 
analyzed in detail using the natural bond orbital (NBO) analysis. 
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1 Introduction 
 
With the increasing concern about the global 
climate change, more attention is paid to hydrogen as a 
clean energy source. Hydrogen as a clean energy carrier 
in transport will contribute to the reduction of oil imports 
and lead to improved energy security and reduced carbon 
emissions. However, in the future wide use of hydrogen, 
an important practical problem is how to store hydrogen 
safely and effectively. One way to solve the problem is 
to deposit hydrogen into nanotubes. There are some 
experimental reports about the hydrogen storage in 
inorganic carbon and BN nanotubes. Two kinds of 
experimental methods for hydrogen storage in carbon 
nanotubes have been reported. One is the high pressure 
method, which leads to the physisorption of hydrogen 
molecules between bundles extending the intertube 
distances[1−2]. The other approach for hydrogen storage 
is the electrochemical method, which can be applied to 
secondary hydrogen-batteries[3]. Similarly, boron 
nitrogen nanotube (BNNT) has high potential practical 
application in hydrogen storage. MA et al[4] showed that 
BNNT can absorb up to 2.6% hydrogen at about 10 MPa 
at room temperature[4]. Tang et al[5] found that 
hydrogen storage can even reach 4.2% if BNNTs were 
treated with Pt. CHEN et al[6] proposed that the 
improvement of the electrocatalytic activity by surface 
modification with metal or alloy would enhance the 
hydrogen storage capacity of BNNTs. In addition to 
experimental efforts, some theoretical works to 
investigate the hydrogen storage in carbon 
nanotubes[7−9] and BN nanotubes[10] were also 
reported. 
Besides, there are focus studies on ZnO 
nanotubes[11−13]. For example, XU et al[13] observed 
single and double wall ZnO nanotubes. These tubes grew 
along the direction of the hexagonal wurtzite structure 
with wall thicknesses of approximately 15 nm (as 
opposed to a monolayer-sheet thickness as in carbon 
nanotubes) with diameters ranging from 50 to 100 nm. 
XING et al[11] also synthesized ZnO nanotubular 
structures with geometries related to the hexagonal 
structure of the ZnO crystal. They produced tubes with 
wall thicknesses as small as 4 nm with diameters ranging 
from 30 to 100 nm. A few recent theoretical 
reports[14−17] showed the possibility that ZnO may 
form single-wall nanotubular structures resembling C or 
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BN is due to their negative binding energy. From 
theoretical calculation, CLAEYSSENS et al[18] pointed 
out energetically favorable graphitic-like structure for 
ZnO thin films (<10 layers) may exist. This leads the 
question whether ZnO could exist in single-wall 
structures similar to carbon nanotubes. TU and HU[19] 
have recently investigated piezoelectric and other 
structural properties of ZnO nanotubes and have 
suggested that the single-wall nanotube conformations 
are energetically possible and might be synthesized 
through solid-vapor phase processes. The structural and 
electronic properties of ZnO SWNTs were also 
investigated theoretically[20−21]. Surface-molecule 
interaction has many interesting technological 
applications[22–24], such as surface catalysis, device 
fabrication and the engineering of new materials. 
Moreover, ZnO nanotubes potential candidates for 
hydrogen storage? 
ZnO nanotubes can be regarded as composite of 
ZnO ring clusters. The walls and the mouth of ZnO 
nanotubes consist of tetragonal, hexagonal and octagonal 
ZnO rings. The hydrogen in nanotube is stabilized by 
surface-molecule interaction. Analysis of intercalation of 
hydrogen on these ring structures will help us to estimate 
the possibility of hydrogen storage inside the ZnO 
nanotubes. Meanwhile the intercalation of water 
molecules is generally of interest, because it is present in 
innumerable processes in nature and industry, and also it 
is a prototypical hydrogen bonded system. In the present 
investigation, the interactions between hydrogen, water 
and zinc oxide ring clusters (ZnO)n=3–6 have been studied. 
Structural properties of these clusters under the 
influences of hydrogen and water molecules are 
examined. 
 
2 Computation method 
 
The structures were optimized using density 
functional theory at B3LYP/6-311G ++(d, p) level and 
the frequency calculations have been performed at the 
same level of theory and it was confirmed that the 
structures are at their energy minima. In addition, single 
point energy calculation based on their optimized has 
been performed at MP2/6-311G ++(d, p) level. 
Interaction energies have been corrected for the 
basis set superposition error (BSSE) using Counterpoise 
correction method of BOYS and BERNARDI[25]. Wave 
function files were generated from the Gaussian output 
files at B3LYP/6-311G ++(d, p) and MP2/6-311G ++(d, 
p) levels to perform atoms in molecules (AIM) 
calculations[26]. The chemical hardness η which 
measures the resistance to change of electron[27] has 
been calculated using the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular 
orbital (LUMO) energies at HF/6-311G ++(d, p) level, 
since the orbital energies calculated by this level of 
theory more meaningful and accurate than those by the 
density functional theory (DFT) method. The chemical 
hardness is expressed as 
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AIη  
 
Where the ionization potential I=−EHOMO and the 
electron affinity A=−ELUMO. Natural bond orbital (NBO) 
analysis has been performed using the same basis set at 
DFT level. All the calculations have been implemented 
in GAUSSIAN 03. 
 
3 Results and discussion 
 
The science of surface-molecular interaction reveals 
that surface bound molecules can possess structure and 
chemical properties substantially different from those of 
isolated molecules and so the intercalating molecule can 
cause changes in the substrate geometry, leading to 
surface reconstruction. Minimum energy structures for 
all these clusters are shown in Fig.1. To present clearly 
the guest molecules position relative to the ZnO clusters, 
the top view and cross view is both depicted in Fig.l. The 
structural parameters, interaction energies and the 
hardness of (ZnO)n=3−6 clusters without and with the 
interaction of guest H2 and H2O molecule are calculated 
and are given in Table 1. Due to the presence of the guest 
molecule, the structural parameters, interaction energies, 
and chemical hardness are found to be changed in ZnO 
cluster. It is found that the average distance of Zn—O 
increases when the guest molecule is hydrogen, while the 
distance decreases when the guest molecule is water. 
Especially for complex 1b, the guest molecule water has 
a large influence on the distance of Zn—O. The chemical 
hardness becomes large for (ZnO)n···H2 complexes 
except complex of n=4, while it becomes small for 
(ZnO)n···H2O complexes except complex of n=5. 
The interaction energy between the (ZnO)n (n=3, 4) 
cluster with H2 is very small. It is noticed that for 
complex (ZnO)n···H2 (n=5, 6), the energies of these two 
complexes are higher than the energy sum of ZnO cluster 
and H2 molecule, which indicates that these two 
complexes are unstable. When the guest molecules are 
water, the (ZnO)n=3−6···H2O complexes are all stable and 
the largest interaction energy is found for (ZnO)3···H2O 
complex. 
The calculated electron densities (ρ) and Laplacian 
of electron densities ( ρ2∇ ) at the bond critical point (bcp) 
at DFT and MP2 levels are listed in Table 2. The 
existence of bcp is the evidence for a transfer or 
partitioning of electron density between the atoms and 
consequently forming of chemical bond between them. 
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In the case of shared or polar interactions, the amount of 
electron density partitioned by two atoms physically 
determines how strong the atoms are covalently bound. 
Hence, the value of electron density at bcp can be used to 
measure the strength of the bond. In general, ρ is greater 
than 0.20 a.u. for shared or polar interactions. Table 2 
shows the calculated bcp between the oxygen in ZnO and 
H in hydrogen at DFT and MP2 levels for complex 1a. 
The charge density at the bcp is small, 0.009a.u.. For 
complex 2a, DFT calculation shows the bcp between Zn 
 
 
 
Fig.1 Minimum energy structures of 
(ZnO)n=3−6 clusters without and with 
interaction of guest molecules H2/H2O 
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Table 1 Structural parameters, binding energy and chemical hardness in ZnO cluster and complex of (ZnO)n=3–6···X(X= H2 and H2O) 
Complex Structure Distance of  Zn—O/Å 
Bond angle of 
Zn—O—Zn/(°)
Bond angle of
O—Zn—O/(°) Eb/(J·mol
−1) Chemical hardness/eV
1 (ZnO)3 1.827 95.20 144.80  5.608 
1a (ZnO)3···H2 1.825 95.11 144.88 −2 364.7 5.624 
1b (ZnO)3···H2O 1.842 98.18 141.82 −62 383.3 5.545 
2 (ZnO)4 1.802 106.56 163.42  5.652 
2a (ZnO)4···H2 1.766 104.60 165.37 −46.1 5.528 
2b (ZnO)4···H2O 1.805 105.10 164.50 −25 221.3 5.617 
3 (ZnO)5 1.785 115.28 172.68  5.690 
3a (ZnO)5···H2 1.780 114.55 173.40 525.0 5.726 
3b (ZnO)5···H2O 1.787 113.41 173.56 −33 326.9 5.684 
4 (ZnO)6 1.778 122.58 177.42  5.520 
4a (ZnO)6···H2 1.773 122.35 177.40 11 064.0 5.760 
4b (ZnO)6···H2O 1.782 120.35 177.75 −32 054.1 5.595 
 
Table 2 Topological parameters (in a.u) of (ZnO)n=3−6···X complex (where X = H2 and H2O) both at DFT and MP2 level of theory 
 DFT  MP2  
Complex Structure 
bcp ρ/a.u. ρ2∇  ρ/a.u. ρ2∇  
Distance/ 
Å 
1a (ZnO)3···H2 (O6-H8) 0.009 9 −0.007 3 0.009 1 −0.007 8 2.446 
(O9-Zn1) 0.055 2 −0.061 1 0.050 9 −0.074 0 2.126 
1b (ZnO)3···H2O (O6-H8) 0.029 8 −0.026 0 0.029 3 −0.030 9 1.918 
(Zn5-H9) 0.003 42 −0.002 2   3.193 
(Zn8-H9) 0.003 47 −0.002 3   3.182 2a (ZnO)4···H2 
(O2-H9)   0.002 89 −0.002 23 3.433 
(O11-Zn8) 0.010 7 −0.008 7 0.008 8 −0.008 8 2.980 
2b (ZnO)4···H2O (O11-Zn6) 0.005 9 −0.004 7   3.298 
3a (ZnO)5···H2 (Zn6-H11) 0.005 1 −0.003 3 0.004 0 −0.001 9 2.865 
3b (ZnO)5···H2O (O13-Zn7) 0.009 2 −0.005 9 0.007 52 −0.007 57 3.023 
(Zn6-H14) 0.006 6 −0.004 1 0.005 25 −0.002 566 2.795 
(Zn3-H13) 0.006 348 −0.003 93 0.005 05 −0.003 80 2.817 
(Zn5-H14) 0.005 83 −0.003 73   2.897 
(Zn2-H13) 0.005 73 −0.003 67   2.905 
4a (ZnO)6···H2 
(Zn1-H14) 0.004 78 −0.003 40   3.093 
4b (ZnO)6···H2O (O8-H14) 0.027 2 −0.023 5 0.026 9 −0.025 8 1.943 
 
and H atoms, and MP2 calculation shows the bcp 
between O and H atoms, respectively. For complexes 3a 
and 4a, both DFT and MP2 show bcps and are only 
between Zn and H atoms. However, the values of ρ2∇  
are all very small. For (ZnO)n···H2O complexes, Table 2 
shows bcps between O in (ZnO)n and H in water for n=3, 
6, also between Zn in (ZnO)n and O in water for n= 3, 4, 
5. The distance between the ZnO cluster and the guest 
molecule is also listed in Table 2. There is a shorter 
distances for complex (ZnO)3···H2O and (ZnO)6···H2O, 
relative to other complexes. 
Fig.2 shows the electron density plot for all these 
clusters without and with the guest molecules. We found 
a large electron density between (ZnO)3 cluster and H2O 
in (ZnO)3···H2O complex. This result combined with the 
charge density ρ of 0.0293 a.u.(shown in Table 2) at bcp 
between O in ZnO and H in hydrogen indicates hydrogen 
bond between guest water molecule and (ZnO)3 cluster. 
For rest of complexes, the electron densities between 
(ZnO)n cluster and guest molecules are all smaller than 
those in (ZnO)3···H2O complex. Therefore, the clusters 
and guest molecules have two types of weak interactions, 
namely van der Waals interaction in (ZnO)n=3−6···H2, 
(ZnO)n=2, 4−5···H2O and hydrogen bond interaction in 
(ZnO)3···H2O. 
To examine in detail the factors, which are 
responsible for the change in the strength of the 
interaction between ZnO clusters and guest molecules, 
Hua-peng CHEN, et al/Progress in Natural Science: Materials International 20(2010) 30−37 34 
 
 
Fig.2 Electron density plot of (ZnO )3 (a), (ZnO)3···H2 (b), (ZnO)3···H2O (c), (ZnO)4 (d), (ZnO)4···H2 (e), (ZnO)4···H2O (f), (ZnO)5 (g), 
(ZnO)5···H2 (h), (ZnO)5···H2O (i), (ZnO)6 (j), (ZnO)6···H2 (k) and (ZnO)6···H2O (l) 
 
Tables 3 and 4 list Mulliken and natural atomic charges. 
The net atomic charges of the ZnO clusters provide 
valuable information about the charge transfer between 
the cluster and the guest molecule. From Table 3 we 
found that, in general, atomic charges of atoms inside the 
ZnO cluster are strongly affected by the interaction of 
guest molecules. But there are some conflicts in the 
results of Mulliken population analysis (MPA) and 
natural population analysis (NPA). MPA shows the 
average charges on atoms of ZnO clusters increase with 
the increasing cluster size; however, the NPA result is 
complete opposite. Moreover, when the clusters 
combined with the H2 and H2O, MPA results at DFT 
level shows the charges of the clusters decrease, which is 
in contrary with the NPA results. However, Table 3 
indicates that the charge on oxygen atom in complex 1b 
is much larger than that in other complexes. The charges 
transferred between ZnO cluster and guest molecule is 
listed in Table 4. For complexes 1a, 2a and 3a, charges 
have been transferred to the hydrogen molecule from the 
cluster. For complex 4a, the charges transferred from the 
hydrogen to (ZnO)6 cluster. Since the amount of charge 
transfer in this complex is small, so the interaction 
between ZnO and H2 molecule is very weak and belongs 
to van der Waals type. 
In complex 1b, water molecule forms a hydrogen 
bond with oxygen atom of the (ZnO)3 cluster. The 
oxygen atom (O6) gains charges from attached H8 atom 
whereas the other oxygen atoms in (ZnO)3 cluster loose 
their charges, but overall, the (ZnO)3 cluster gains  
−0.05 e from the guest water molecule. Similar type of 
change has been observed in complex 2 b and 3b, but the 
magnitude of charge transfer is smaller than that between 
(ZnO)3 cluster and H2O. In complex 4b, the charge on 
Zn2 becomes small while the charges on Zn3 and Zn6 
become large, results in almost no change of charges in 
the complex. The above studies show that the strength of 
the interaction between the guest molecule and cluster is 
consistent with the charge transfer analysis. 
To further investigate the strength of the interaction 
of the guest molecule and the cluster, the NBO analysis 
was carried out. In NBO analysis, for each donor NBO (i) 
and acceptor NBO (j), the stabilization energy E(2) 
associated with delocalization ("2e-stabilization") i → j 
is estimated as 
 
( )
ji
iij
jiFqEE εε −=Δ=
2,)2(  
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Table 3 Average charges of zinc and oxygen atoms (in electron) taken at MPA and NPA 
MPA NPA 
DFT  MP2 DFT  MP2 Complex Structure 
Zn O  Zn O Zn O  Zn O 
1 (ZnO)3 0.481 −0.481  0.783 −0.783 1.543 −1.543  1.705 −1.705 
1a (ZnO)3···H2 0.463 −0.460  O.771 −0.764 1.548 −1.546  1.708 −1.706 
1b (ZnO)3···H2O 0.433 −0.489  0.759 −0.813 1.581 −1.574  1.722 −1.727 
2 (ZnO)4 0.424 −0.424  0.749 −0.749 1.570 −1.570  1.705 −1.705 
2a (ZnO)4···H2 0.416 −0.413  0.756 −0.753 1.563 −1.560  1.705 −1.704 
2b (ZnO)4···H2O 0.439 −0.452  0.758 −0.769 1.5699 −1.5692  1.7062 −1.7060 
3 (ZnO)5 0.403 −0.403  0.742 −0.742 1.588 −1.588  1.709 −1.709 
3a (ZnO)5···H2 0.404 −0.403  0.743 −0.742 1.584 −1.583  1.709 −1.708 
3b (ZnO)5…H2O 0.399 −0.415  0.738 −0.751 1.587 −1.586  1.712 −1.711 
4 (ZnO)6 0.396 −0.396  0.745 −0.745 1.604 −1.604  1.722 −1.722 
4a (ZnO)6···H2 0.358 −0.377  0.716 −0.731 1.605 −1.597  1.726 −1.723 
4b (ZnO)6···H2O 0.393 −0.401  0.747 −0.743 1.602 −1.598  1.722 −1.720 
 
Table 4 Charges gained/lost by ZnO cluster from/to guest molecule (in electron) taken at MPA and NPA 
Charges gained/lost by ZnO cluster from/to guest molecule 
MPA NPA Complex Structure 
DFT MP2 DFT MP2 
1a (ZnO)3···H2 0.003 e 0.007 e 0.002 e 0.002 e 
1b (ZnO)3···H2O −0.056 e −0.054 e 0.007 e −0.005 e 
2a (ZnO)4···H2 0.003 e 0.003 e 0.003 e 0.001 e 
2b (ZnO)4···H2O −0.013 e −0.011 e 0.000 7 e 0.000 2 e 
3a (ZnO)5···H2 0.001 e 0.001 e 0.001 e 0.001 e 
3b (ZnO)5···H2O −0.016 e −0.013 e 0.001 e 0.001 e 
4a (ZnO)6···H2 −0.019 e −0.015 e −0.002 e 0.003 e 
4b (ZnO)6···H2O −0.004 e 0.003 e 0.004 e 0.002 e 
 
Table 5 Stabilization energy (in J/mol) of major vicinal interactions (in kcal/mol) inside cluster and of interactions between cluster 
and guest molecule 
Inside cluster 
Complex Structure 
n(O)→Ry*(Zn) σ(Zn—O) →Ry*(Zn) σ*(Zn—O) →σ*(Zn—O)
Donor-accept 
(between cluster and 
guest molecule) 
Stabilization 
energy/ 
(J·mol−1) 
 
1 (ZnO)3 3.35 1.10 −   
1a (ZnO)3···H2 3.38 1.12 − No interaction  
1b (ZnO)3···H2O 3.40 0.93 − n(O6)→σ*(H8-O9) 43 082.2 
2  (ZnO)4 2.06 4.45 67.26   
2a (ZnO)4···H2 1.18 - − σ
*(Zn8-O4)→σ*(H9-H10 711.8 
2b (ZnO)4···H2O 1.15 - − n(O11)→Ry*(H9) 4 856.7 
3 (ZnO)5 1.91 0.62 −   
3a (ZnO)5···H2 1.84 0.62 − σ
*(Zn6-O2)→σ*(H11-H1 3 893.7 
3b (ZnO)5···H2O 0.82 0.55 − n(O13)→σ*(Zn7-O1) 1 716.6 
4 (ZnO)6 1.88 0.53 −   
4a (ZnO)6···H2 2.14 0.59  σ
*( Zn6-O7)→σ*(H13-H 2 763.3 
4b (ZnO)6···H2O 1.76 0.53 − n(O8)→σ*(H14-O15) 6 908.2  
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where qi is the occupancy of donor orbital; εi, εj are 
diagonal elements (orbital energies); F(i, j) is the off- 
diagonal NBO Fock matrix element. Vicinal interactions 
between the delocalizing acceptor orbital and the orbital 
at adjacent bonded atom (donor-accept NBOs separated 
by one connecting bond) can influence the molecular 
properties through delocalization interaction. ZnO cluster 
has two major types of vicinal interactions, namely (1) 
n(O)→Ry*(Zn) and (2) σZn—O→Ry*(Zn)，where n, Ry* and 
σ stand for lone pare natural bond orbital, Rydberg 
natural bond orbital and Sigma bond, respectively. As 
the cluster size increases, the stabilization energy of 
these stereo electronic interactions (1) and (2) decreases 
except interaction (2) in (ZnO)4 cluster. In Table 5, the 
donor-acceptor interaction between the cluster and the 
guest molecules is also tabulated. In the case of structure 
1a, there is no donor-acceptor interaction. This is 
because the stereo electronic interaction inside the 
(ZnO)3 cluster is larger and hence no resultant interaction 
takes place between the cluster and hydrogen. But in 
structure 1b, when the interacting guest molecule is 
water, a donor-acceptor interaction takes place between 
the lone pair of oxygen and the antibonding orbital of  
O—H bond of water and results in the decrease of the 
stereo electronic interaction (2). For (ZnO)4 cluster, the 
guest molecule has a great influence in the stereo 
electronic interaction inside the cluster, although the 
interaction between cluster and the guest molecule is of 
weak van der Waals type. For (ZnO)5 and (ZnO)6 clusters, 
the lone pair of oxygen atom is bonded to water; hence, 
the stabilization energy of the interaction inside the 
cluster decreases. In overall, the strength of the 
interaction between the guest molecule and the cluster is 
related to the strength of the stereo electronic interaction 
inside the cluster. 
 
4 Conclusions 
 
We have investigated the interaction of the 
hydrogen and water molecules with zinc oxide clusters 
(ZnO)n=3–6···X, where X=H2 and H2O using B3LYP level 
of theory implementing 6-311++G(d, p) basis set. The 
interactions between the (ZnO)n (n=3, 4) clusters with 
H2 molecules are very weak. It is noticed that for 
complex (ZnO)n···H2 (n=5, 6), the energies of these two 
complexes are higher than the energy sum of ZnO cluster 
and H2 molecule, which indicates that these two 
complexes are unstable. While the (ZnO)n=3−6···H2O 
complexes are all stable and the largest interaction 
energy is found for (ZnO)3···H2O complex. The strength 
of the interaction between the guest molecule and the 
cluster is related to the strength of the stereo electronic 
interaction inside the cluster. 
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